Origin of the asymmetries in the quadrupole-split Mössbauer spectra of FeCO3 /siderite/ by Nagy, Dénes Lajos et al.
5 $ К Г К  J 9  2 V 2
KFKI-71-65
D. L. Nagy 
К. Kulcsár 
1. Dézsi 
В. Molnár
ORIGIN OF THE ASYMMETRIES 
IN THE QUADRUPOLE-SPLIT 
MÖSSBAUER SPECTRA OF FeC03 
/ SIDERITE /
S^DunßaAian Sicademy^ of (Sciences
CENTRAL
RESEARCH
INSTITUTE FOR
PHYSICS
BUDAPEST

K F K i-71-65
ORIGIN OF THE ASYMMETRIES IN THE QUADRUPOLE SPLIT MÖSSBAUER
SPECTRA OF FeCO, /S ID E R IT E /
5
D.L. N ag y , K. K u l c s á r ,  I*  D é zs i  a n d  B. M o ln á r
C e n t r a l  R e s e a r c h  I n s t i t u t e  f o r  P h y s i c s ,  B u d a p e s t ,  Hungary
S o l i d  S t a t e  P h y s i c s  D e p a r tm e n t
P r e s e n t e d  a t  t h e  IV . I n t e r n a t i o n a l  C o n fe re n c e  o f  t h e  
S o c i a l i s t  C o u n t r i e s  oh M ö s s b a u e r s p e c t r o m e t r y , D re s d e n  
/ G .D .R . / ,  S e p t .  2 0 - 2 5 ,  1971
—J
ABSTRACT
M ö ssb a u e r  m easu rem en ts  on  p o l y c r y s t a l l i n e  FeCO^ 
/ s i d e r i t e /  o f t e n  r e v e a l  a s y m m e tr ic  q u a d r u p o le  d o u b l e t s  d i f ­
f e r i n g  ev en  i n  t h e  s i g n  o f  th e  a sy m m e try .  P o s s i b l e  r e a s o n s  
f o r  t h i s  phenom enon a r e  d i s c u s s e d  a n d  i t  i s  c o n c lu d e d  t h a t  
o x i d i z a t i o n  p l a y s  an  i m p o r t a n t  r o l e  i n  t h e s e  a n o m a l i e s .  Re­
l a x a t i o n  e f f e c t s  can  n o t  b e  o b s e r v e d  a t  room  t e m p e r a t u r e .  
The m a g n i tu d e  o f  th e  G o l d a n s k i i - K a r y a g i n  e f f e c t  i n  s i d e r i t e  
i s  e s t i m a t e d .
KIVONAT
P o l i k r i s t á l y o s  FeCO^-on ( s z i d e r i t e n , )  v é g z e t t  
M ö s s b a u e r -m é ré s e k  o ly a n  k v a d r u p ó l - d u b l e t t e k e t  m u ta tn a k ,  
a m e ly e k  g y a k ra n  az a s z i m m e t r i á n a k  még az e l ő j e l é b e n  i s  
k ü lö n b ö z n e k .  M e g v i z s g á l ju k  e j e l e n s é g  l e h e t s é g e s  o k a i t ,  és 
a r r a  a  k ö v e t k e z t e t é s r e  j u t u n k ,  hogy  az o x i d á c i ó  j e l e n t ő s  
s z e r e p e t  j á t s z i k  e z e k b e n  a z  a n o m á l iá k b a n .  R e la x á c i ó s  e f f e k ­
t u s o k a t  s z o b a h ő m é r s é k l e t e n  nem l e h e t  m e g f i g y e l n i .  M egbecsü l 
j ü k  a  G o l d a n s z k i j - K a r j a g i n  e f f e k t u s  n a g y s á g á t  s z i d e r i t b e n .
РЕЗЮМЕ
В м ессбауэров ск и х  спектрах поликристаллического  
FeCG* (си д ер и т ) часто появляются асимметрические квадруполь- 
ные дублеты с различным знаком асиметрии. Обсуждаются воз­
можные причины эт о го  явления и авторы приходят к выводу, что 
окисление играет большую роль в появлении аномалий. При ком­
натной температуре релаксационные явления не наблюдаются. 
Оценивается величина эффекта Гольданского-Карягина для сиде­
рита.
INTRODUCTION
In  r e c e n t  y e a r s , much i n t e r e s t  h a s  b e e n  p a i d  t o  th e  
M o ssb au er s p e c t r a  o f  FeCO^ th e  m in e r a l  fo rm  o f  w h ic h  i s  s i d e -  
r i t e .  The i n t e r e s t  i s  e x p la in e d  p a r t l y  by t h e  f a c t  t h a t  s e v ­
e r a l  a u th o r s  h a v e  o b s e rv e d  d i f f e r e n t  a sy m m e tr ie s  i n  t h e  q u a d -  
r u p o le  d o u b le t  o f  p o l y c r y s t a l l i n e  sa m p le s  a t  a b o u t  room  tem ­
p e r a t u r e  [1 -  5 ] • The a s y m m e tr ie s  h av e  b e e n  e x p la in e d  v a r i ­
o u s ly  a s  due t o  r e l a x a t i o n  o f t h e  a to m ic  s p i n s  [5] ,  t o  th e  
G o ld a n s k i i - K a r y a g in  e f f e c t  /GKE/ [1 -  4] , o r  t o  a  p r e f e r r e d  
o r i e n t a t i o n  o f  th e  m i c r o c r y s t a l s  [3 » 4 j •
I t  i s  t h o u g h t ,  h o w e v e r, t h a t  some o f  th e s e  e x p la n a ­
t i o n s  have  f a i l e d  t o  t a k e  i n to  a c c o u n t  o t h e r  a sy m m e try -c a u s ­
in g  e f f e c t s .  The aim  o f  t h i s  p a p e r  i s  t o  d i s c u s s  d i f f e r e n t  
p o s s i b l e  o r i g i n s  o f t h e  asym m etry  a n d  to  g i v e  an  e s t i m a t e  of' 
t h e  v a lu e  o f  t h e  GKE i n  F eC O ,.
EXPERIMENTAL
The m ea su re m e n ts  w ere c a r r i e d  o u t  on  s e v e r a l  con ­
s t a n t - a c c e l e r a t i o n  s p e c t r o m e te r s  c o u p le d  5 1 2 -  an d  1 0 2 4 -
57c h a n n e l  a n a l y s e r s .  -"G o  s o u r c e s  d i f f u s e d  i n t o  Cr a n d  Pd w ere  
u s e d .
I n  t h e  f i r s t  m ea su re m e n t ru n s  [5 ] n a t u r a l  sa m p le s  
o f  d i f f e r e n t  o r i g in s  w e re  i n v e s t i g a t e d  t o  d e te rm in e  th e  
e f f e c t  o f t h e  p re s u m a b ly  d i f f e r e n t  i m p u r i t i e s .  As we c o u ld  
n o t  f i n d  any s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  th e  s p e c t r a  o f
d i f f e r e n t  s a m p le s ,  we c o n t i n u e d  o u r  m e a su re m e n ts  o n ly  ön 
s a m p le s  o f  D o b s in a .  S i n c e  i t  was c o n c l u d e d  from  o u r  f i r s t  
m e a su re m e n ts  t h a t  m o s t  o f  t h e  asym m etry  was c a u s e d  hy a  
p r e f e r r e d  o r i e n t a t i o n  o f  t h e  m i c r o c r y s t a l s ,  s p e c i a l  c a r e  
was t a k e n  i n  th e  p r e p a r a t i o n  o f  th e  s a m p l e s .  I n  o r d e r  t o  
a v o i d  p r e f e r r e d  o r i e n t a t i o n s ,  s a m p le s  w e r e  m ixed w i t h  c a r ­
b o n  p o w d e r ,  MgO o r  M g -g la s s  a n d  i n  some c a s e s  s u s p e n d e d  i n  
s i l i c o n e  vacuum  g r e a s e  o r  p a r a f f i n .  I n  e v e r y  c a s e  t h e  s i d e -  
r i t e  pow der was g r o u n d  i n  an  a g a t e  m o r t a r .  The s a m p le s  w e re  
h a n d l e d  s o  t h a t  t h e y  w e re  n o t  s u b j e c t e d  t o  s h o c k s ,  p r e s s  
o r  v i b r a t i o n s  t h a t  m i g h t  p r o d u c e  m i c r o c r y s t a l l i n e  o r i e n t a ­
t i o n .  S am p les  of d i f f e r e n t  p a r t i c l e  s i z e s  w ere  a l s o  i n v e s ­
t i g a t e d *
The s p e c t r a  w e re  a n a l y s e d  by a  l e a s t  s q u a r e s  f i t ­
t i n g  p ro g ra m  [ 6 ] .  W here t h e r e  was a  h i g h  n e g a t i v e  asym m etry  
a  F o u r i e r  a n a l y s i s  [73 was a l s o  p e r f o r m e d .
Some t y p i c a l  s p e c t r a  sh o w in g  q u i t e  d i f f e r e n t  
a s y m m e tr ie s  a r e  p r e s e n t e d  i n  F i g s .  1 ,  2 a n d  3« The r e s u l t s  
o f  t h e  m easu rem en ts  a r e  l i s t e d  i n  T ab le  1 .
The most i m p o r t a n t  f e a t u r e s  o f  t h e  s p e c t r a  c an  be  
su m m a r iz e d  a s  f o l l o w s :
1 .  /  A h ig h  n e g a t i v e  asym m etry  a p p e a r e s  o n l y  i f  t h e  
0 - l i n e  i s  b r o a d e n e d .
2 .  /  A sam p le  w i t h  i t s  p l a n e  p e r p e n d i c u l a r  t o  t h e  
gamma-beam g e n e r a l l y  y i e l d s  a b o u t  5 -1 0  % h i g h e r  asym m etry  
t h a n  t h e  sam e sam ple  a t  4 5 ° .  A r o t a t i o n  i n  t h e  p l a n e  o f  t h e  
s a m p le  does n o t  r e s u l t  i n  any c h a n g e .
3 .  /  The a sym m etry  g e n e r a l l y  d e c r e a s e s  w i t h  t h e  t i m e .  
/ S e e  F i g . 4 . /
4 .  /  The i n i t i a l  asym m etry  i s  m o s t l y  p o s i t i v e .
5 .  /  The r e s o n a n c e  l i n e s  a r e  r a t h e r  n a r ro w  / a b o u t
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T a b le  1 .
A sym m etries  a n d  l i n e w i d t h s  m e a su re d  on s e v e r a l  s i d e r i t e  saim
p i e s  a t  room t e m p e r a t u r e
p r e p a r a t i o n t h i c k n e s s(mgFe/cm2 )
Q A
(%)
ГIT
(m m /sec)
r*i a
(m m /sec)
m ixed w i th  
c a rb o n  pow­
d e r  ( r )
1 1 .2 90° - 4 1 .6 + 2 .1 .4 1 2 + .0 1 5 .5 1 8 + .0 1 5 I
2 1 .2 50° - 4 7 .6 + 1 .4 . 4 3 1 + . O i l . 529+ . O i l
X 1i
m ixed w i th  
c a rb o n  pow­
d e r  (d )
1 1 .2 90° - 1 7 .5 + 2 .4 . 4 3 4 + . OI5 .4 6 0 + .O i l I I
2 1 .2 4 5 ° - 1 7 .4 + 2 .0 .4 3 8 + .0 1 1 .4 6 4 + .O i l
m ixed w i th  
c a r b o n  pow­
d e r  (r )
1 1 .2 90° -  0 .2 + 5 .0 . 3 0 7 + .0 0 8 . 3 5 1 + .0 1 0
I I I
2 1 ,2 4 5 0 -  7 .8 + 1 .2 .3 0 9 + .0 0 3 . 3 29 + .0 0 3
m ixed w i th  
MgO and  s u s ­
p e n d e d  i n  
p a r a f f i n  (D)
1 1 .7 90° - 4 9 .4 + 2 .1 .2 6 6 + .0 0 7 .3 8 6 + .0 0 6
2 1 .7 45° - 5 6 .5 + 1 .0 . 201+.OO5 .3 3 3 + .0 0 5
x V
m ix ed  w i th  
g |O o2ey e a r s
p r e p a r a t i o n
1 1 . 7 ^ 5 % -  1 .6 + 1 .4 .2 7 9 + .0 0 2 . 2 7 4 + .002
2 1 . 7 45?  b + 0 .8 + 0 .9 .2 9 1 + .0 0 1 .2 8 8 + .0 0 1 V
o f  th e  sam­
p l e  CD) . . . 3 . 1 . 7 90° + 6 .7 + 0 .5 .2 8 5 + .0 0 1 .2 8 6 + .0 0 1
m ixed  w i th
M g -g la se
pow der
CD)
1 3 . 0
. . .
90°
. _
+ 8 .4 + 1 .1 .2 8 7 + .ООЗ .2 8 8 +.ООЗ
1
Í
2 3 . 0 45°/a + 5 .9 + 0 .7 .2 9 3 + .0 0 2 .2 9 1 + .0 0 2 VI 1
3 3 . 0 4 5 % + 3 .4 + 0 .7 .2 9 5 + .0 0 2 .2 9 5 + .0 0 2 11
m ixed  w i t h ■ 
M g -g la s s  4and  
s u s p e n d e d  i n  
s i l i c o n e  
g r e a s e  
CD)
1 3 . 0 90° + 2 1 .3 + 1 .8 .2 7 9 + .ООЗ .2 7 4 + .OO5 11
2 3 . 0 45°/a + 9 .6 + 1 .4 . 3 0 2 + . ООЗ .2 8 7 + .ООЗ
1!ii T j
3 3 . 0 4 5 % + 7 .9 + 2 .3 .2 8 2 + .0 0 5 .2 7 6 + .0 0 6
4 3 . 0 90° + 1 4 .7 + 1 .2 .2 7 9 + .0 0 3 .2 7 9 + .ООЗ
m ix e d  w i t h
M g -g la s s
p ow der
CD)
•
1 1 . 3  • 90° -  2 .9 + 2 .2 .2 9 0 + .0 0 6 .3 0 4 + .0 0 6
2 1 . 3 4 5 0 -  3 .1 + 2 .4 .3 3 9 + .0 0 8 .3 3 9 + .0 0 8 V II r
3 1 . 3 90° + 2 .7 + 2 .6 .332+008 .3 6 4 + .0 0 9
6p r e p a r a t i o n t h i c k n e s s(mgRe/cm^)
© А
(%)
Гтт
(m m /sec)
Го
(m m /sec)
• 1 2 . 0 45°/a + 8 .4 + 3 .0 .3 0 3 + .0 0 7 .2 7 7 + .0 0 7
m ixed w i th  
Мк- g l a s s 2 r
v> • о
оосг> + 1 4 .1 + 5 .2 .3 1 4 + .0 0 8 .2 9 0 + .0 0 8
pow der,
p a r t i c l e 3* 2 . 0
ооCTN + 8 .5 + 2 .8 .3 2 1 + .0 0 7 .3 1 9 + .0 0 8
IXs i z e  'v- 10um 
(D) 4 2 .0 90° + 5 .6 + 1 .6
.2 8 8 + .0 0 4 .2 8 8 + .0 0 4
5 2 .0 4 5 ° /а - 2 .6 + 2 .6 .2 8 5 + .0 0 7 .3 0 2 + .0 0 7
6 2 .0 4 -5 % - 2 .9 + 1 .9 .2 8 8 + .0 0 6 .2 9 8 + .0 0 6
7 го • о 4-5% - 3 .2 + 1 .9 .2 8 3 + .0 0 6 .2 9 4 + .0 0 6
m ixed w i th 1 2 . 0 ч
О о О + 2 .9 + 1 .2 .2 9 3 + .0 0 3 .2 9 1 + .0 0 3
M g -g la ss
pow der, 2 2 .0 4-5% - 0 .5 + 1 .5 .2 9 1 + .0 0 4 .2 9 6 + .0 0 4 X
p a r t i c l e
s ize 'v lym 3 2 .0 4-5 °/Ь + l ! 7 + 1 .4  ....  —^ .2 9 1 + .0 0 4 .3 0 5 + .0 0 4
(D) 4 2 .0 90° + 4 .1 + 2 .4 .2 9 3 + .0 0 6 .2 9 0 + .0 0 6
R=R ozsnyó, D = D obsina . a a n d  Ъ r e f e r  t o  2 p e r p e n d i c u l a r  p o s i ­
t i o n s  i n  th e  p l a n e  o f  t h e  s a m p le . © i s  th e  a n g le  b e tw e e n  t h e  
d i r e c t i o n  o f  t h e  gamma-beam an d  t h e  p la n e  o f  th e  sa m p le .
*T = 100- к
t h e  b e s t  l i n e w i d t h s  . m e a su re d  w i t h  t h e  c o r r e s p o n d i n g  s o u r c e s / .
6 . /  The a v e r a g e  v a l u e  o f  t h e  asym m etry  Á = I  / I  - 1  
a t  t h e  sa m p le  w i t h  t h e  l e a s t  a n g u l a r  d e p en d e n ce  i s  A =
= (1 .9 + 0 .5 )%
DISCUSSION
Up t i l l  now, t h e  a s y m m e tr ie s  o b s e r v e d  on t h e  q u a d -  
r u p o l e  d o u b l e t  ó f  s i d e r i t e  a t  room t e m p e r a t u r e  h av e  b e e n  
e x p l a i n e d  by r e l a x a t i o n  e f f e c t s ,  GKE, o r  a  p r e f e r r e d  o r ie n ta ^  
t i o n  o f  t h e  m i c r o c r y s t a l s .  O x i d i z a t i o n  o f  t h e  s a m p le ,  how­
e v e r ,  a l s o  r e s u l t s  i n  an  a sy m m e try ,  s i n c e  a  f e r r i c  im p u r i t y
may c o n t r i b u t e  t o  t h e  a - l i n e  / v  = 0 .3 0  m m /s e c / ,  g i v i n g  а  
n e g a t i v e  a sy m m e try .  The p r e s e n c e  o f  a  f e r r i c  i m p u r i t y  i s  
s u p p o r t e d  hy  s t a t e m e n t s  1 . / ,  3 . /  a n d  4 . /  o f  t h e  above  l i s t  
o f  e x p e r i m e n t a l  r e s u l t s .  The f a c t  o f  o x i d i z a t i o n  m ig h t  seem  
r a t h e r  s u r p r i s i n g  i n  t h e  c a s e  o f  m i n e r a l  s a m p l e s ,  b u t  t h e  
l i g h t  b r o w n i s h  c o l o u r  o f  t h e  c r y s t a l l i t e s  i n  some c a s e s  i n d i ­
c a t e d  t h e  p r e s e n c e  o f  Fe^+ i o n s .
The low v a l u e  o f  t h e  l i n e w i d t h  c a n  b e  u n d e r s to o d  
i f  i t  i s  s u p p o s e d  t h a t
a .  /  t h e  l i n e s  o f  some o x id e s  / o c c u r i n g  p re s u m a b ly  i n
t h e  fo rm  o f  t h i n  s u r f a c e  l a y e r s /  p r a c t i c a l l y  
c o i n c i d e  w i t h  t h e  a - l i n e  a n d / o r
b .  /  t h e  s u r f a c e  Fe io n s  show a  s u r f a c e  GKE and
' th e y  i n  t h e  c o u r s e  o f  o x i d i z a t i o n  / o r  some
o t h e r  c h e m ic a l  s u r f a c e  p r o c e s s /  a r e  i n a c t i v e d  
from  t h e  p o i n t  o f  v iew  o f  t h e  s u r f a c e  GKE.
A n o th e r  f a c t  r e v e a l e d  by t h e  n a r ro w  l i n e w i d t h  i s  
t h a t  t h e  e n v iro n m e n t  o f  t h e  Fe atom s i s  r a t h e r  hom ogenous, 
a  r a r e  o c c u r r e n c e  i n  m i n e r a l  s a m n le s .
The f i n d i n g  t h a t  t h e  i n i t i a l  a sym m etry  i s  g e n e r a l l y  
p o s i t i v e  shows t h a t  no  r e l a x a t i o n  e f f e c t s  c a n  b e  o b s e r v e d  a t  
room t e m p e r a t u r e .  T h is  c o n c l u s i o n  i s  i n  c o n t r a d i c t i o n  w i t h  
t h e  r e s u l t s  o f  W alk er  e t  a l .  [5 ] and  s u g g e s t s  t h a t  t h e i r  
sam p le  p r o b a b l y  c o n t a i n e d  some f e r r i c  i m p u r i t i e s .
The u n u s u a l ly  h i g h  a n g u l a r  d e p e n d e n c e  o f  t h e  asym­
m etry  i s  h a r d l y  e x p l i c a b l e  p u r e l y  on th e  b a s i s  o f  a  p r e f e r ­
r e d  o r i e n t a t i o n  o f  t h e  m i c r o c r y s t a l s ,  t h o u g h  we c a n  n o t  
p ro p o s e  any  o t h e r  e x p l a n a t i o n .  H ow ever, f ro m  o u r  d a t a  i t  i s  
o b v io u s  t h a t  t h e  a n g u l a r  d e p e n d e n c e  i s  c o n n e c t e d  i n  some 
way w i t h  t h e  p r e p a r a t i o n  o f  t h e  s a m p le .
F i n a l l y ,  i t  seem s p o s s i b l e  t o  e s t i m a t e  t h e  GKE o f
-  8  -
t h e  b u l k  m a t e r i a l .  As th e  asym m etry  o f  l e a s t  a n g u l a r  d e -p
p e n d e n c e  was A = ( l . 9+0.5)%  f o r  a  2 mg Fe/cm  t h i c k  sa m p le  
we may c o n s i d e r  t h i s  v a lu e  a s  t h e  asym m etry  b e l o n g i n g  t o
О
t h e  t h i c k n e s s  2  mg Fe/cm a t  room t e m p e r a t u r e  i n  FeCO^.
T h is  v a l u e  i s . i n  f a i r  a g re e m e n t  w i t h  t h e  v a l u e  A = 2.2% 
w h ic h  i s  e x p e c te d  from  t h e  s i n g l e  c r i s t a l  d a t a  o f  G o ld -  
a n s k i i  e t  a l . .  [2] b u t  does n o t  a g r e e  w e l l  w i t h  t h e  l a t e r  
s i n g l e  c r y s t a l  d a t a  o f  V in o g rad o v  e t  a l*  [ 4 ] ,  who th e m s e lv e s  
f o u n d  t h e  same d i v e r g e n c e .  /F rom  t h e i r  s i n g l e  c r y s t a l  d a t a  a  
s m a l l  n e g a t i v e  asym m etry  c a n  b e  e x p e c t e d  f o r  t h e  p o l y ­
c r y s t a l l i n e  m e a su re m e n ts ,  y e t  th e y  o b t a i n e d  a  s m a l l  p o s i t i v e  
a sy m m e try ,  i n  c o r r e s p o n d e n c e  w i t h  o u r  p r e s e n t  r e s u l t s . /
The a u t h o r s  a r e  g r a t e f u l  t o  P r o f .  L .  P á l  f o r  h i s  
c o n t i n u i n g  i n t e r e s t  i n  t h i s  w o rk .  They a r e  a l s o  i n d e b t ­
ed  t o  t h e  M össbauer  g ro u p  o f  t h e  I . V .  K u rc h a to v  I n s t i t u t e  
o f A tom ic E n e rg y ,  Moscow, f o r  m aking  p o s s i b l e  t o  c a r r y  o u t  
t h e  f i r s t  m easu rem en ts  on t h e i r  s p e c t r o m e t e r .  Thanks a r e  
due t o  D r . C s . R a v a s z ,Head o f  t h e  M in e r a l  a n d  Rock C o l l e c ­
t i o n s  o f  t h e  Museum o f  N a t u r a l  S c i e n c e s ,  B u d a p e s t  f o r  t h e  
s i d e r i t e s  s a m p le s .
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FIGURE CAPTIONS
F i g . l  The s p e c tru m  b e lo n g in g  t o  M easurem ent IV /1  o f T a b le  
1 . A = ( -4 9 .4 + 2 .1 )% . A s m a l l  p e a k  on th e  n e g a t iv e  
s i d e  o f th e  о - l i n e  was fo u n d  by b o th  th e  F o u r i e r  
an d  t h e  l e a s t  s q u a r e s  a n a l y s i s .  The s o u r c e  was -^Co 
i n  C r .
F i g . 2 The s p e c tru m  b e lo n g in g  t o  M easurem ent Y /2 o f  T a b le  1 .  
A = (+ 0 .8 + 0 .9 )% . The s o u rc e  was ^ C o  i n  C r .
F i g .3  The s p e c tru m  b e lo n g in g  to  M easu rem en t V I I /1  o f
T a b le  1 . A = (+ 2 1 .3 + 1 .8 )% . The s o u r c e  was ^ 7 Co in  
C r .
F i g .4 Time d e p en d en ce  o f  t h e  asym m etry  a s  a  c o n se q u e n c e  o f  
th e  g r a d u a l  o x i d i z a t i o n  o b s e rv e d  i n  Sam ple IX . o f 
T a b le  1 . ®  and  th e  d a sh e d  l i n e :  © = 90°? T = 3 0 0  K, 
EU s © = 9 0 ° ,  T = 100 K, x  an d  t h e  f u l l  l i n e :
© = 4 3 ° ,  T = 3ОО K.
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